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SUMMARY

I' in recent years several advanced finite element methods have been developed for
the analysis of laminated composites; these take into account the membrane, bending,

e and interlaminar stresses. Similarly, finite element methods have also been developed for
the analysis of structures repaired with a bonded overlay of fibre composite material.

The present paper discusses these methods and indicates how the finite element method

developed for the analysis of structural repairs is connected to those methods specOfically
developed for the analysis of composite laminates.
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NOTATION

Go Shear modulus of the adhesive.

G Shear modulus of a composite ply.

Go, Gs Transverse shear moduli of the overlay and sheet respectively.

Tzz, rzv Transverse shear stresses.

18, to, to Thicknesses of the sheet, adhesive and overlay respectively.

u1, v1 In plane displacements in the Ith ply.

t Distance between mid-surface of adjacent plies.

Uo, vo; u8, v8 In plane displacements in the overlay and the sheet respectively.



1. INTRODUCTION

In recent years a number of different approaches [1-14] have been developed for the
analysis of laminated composites. We begin by describing these methods in some detail paying
particular attention to the need to accurately determine the interlaminar stresses developed in
a laminate. Following this discussion we examine the methods developed for the analysis of
adhesively bonded metallic, or fibre composite, repairs to damaged structures [27-52].

We then show that the mathematical models developed in [2, 3] for the analysis of laminated
composites subjected to in-plane loading only, and the models developed in [27, 28, 29] for the
analysis of bonded repair schemes are very similar and may be made identical.

2. INTERLAMINAR STRESSES

In classical laminate theory no account is taken of the interlaminar shear stresses TzX and
f or the peel stresses oz. Rather, only the stresses in the plane of the laminate, i.e. ax, o, and
rry, are considered. Accordingly classical laminate theory is incapable of providing predictions
for some of the stresses that may causes failure of a composite laminate. One of the earliest
attempts to overcome this shortcoming, inherent in classical laminate theory, was the work
of Pipes and Pagano [I] who undertook a detailed three-dimensional stress analysis. Following
this work Levy and co-workers [2, 3] developed a finite element method, based to some extent
on the earlier work of Puppo and Evensen [4], which took the interlaminar shear stresses
developed in the composite into account. This method, which is applicable for in-plane loading
only, separates the membrane and interlaminar properties of a laminated composite by using
alternating orthotropic membrane elements and isotropic shear elements as shown in Figure 1.
The orthotropic segments carry in-plane stresses only while the shear segments only carry the
interlaminar (i.e. transverse) shear stresses; for full detai's see [2, 3].

In the shear segments the transverse shear stresses r,, and rv are related to the displacements
u1, vi, and ut- , vi -I in the Ith and I - Ith layers respectively by the formulae

• x (u, -I- uI)/G t (1)

Tzy (vi - vI)/G 1 (2)

where t is the distance between the midsurface of the lth and I - Ith layers. Here we have
used the notation given in [3] with G being the transverse shear modulus of the composite.
Indeed in [2, 3] it was assumed that G,, Gz- = G. This approach is very simple to use and,
as shown in [31, is easily extended so as to allow for inelastic effects. Furthermore in the case
of a (±45). laminate subjected to uniaxial strain it was shown to give identical results to those
given in [1] which were obtained from a full three-dimensional analysis.

Whilst the above methods were being developed research was also underway into developing
sophisticated plate bending elements [6, 7] which allow for the transverse shear deformation
occurring in laminated composites. These elements were shown to give excellent agreement with
known exact solutions obtained from reference [8). Indeed these approaches have been widely
accepted. They have been built into a variety of commercially available packages and imple-
mented on the main frame computers at a number of aerospace companies, e.g. [9].

Although these approaches have been very successful they nevertheless retain the disadvant-
age, inherent in the analysis presented in [2, 3, 6, 7], that they neglect the "peel" stress at. This
stress may in certain circumstances be a prime design variable. Hence several fully three-dimen-
sional composite elements have been developed. Some of these elements are described in refer-
ences [5, 10]. Most work very well and yield results in agreement with known analytical solutions.
One disadvantage of these three-dimensional elements is the size and the band width of the
stiffness matrix (and hence the cost of an analysis) which results when attempting to model
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a realistic fibre composite structure. Hence there is a tendency to use elements similar to those
developed in [6, 7] whenever possible in preference to the fully three-dimensional elements.
To some extent this trend has been encouraged by references [11, 12] which indicate that, even
when the peel stresses are important, they may in certain circumstances be accurately estimated
from a two-dimensional stress analysis. Furthermore, although it has been shown that significant
interlaminar stresses exist around holes [3, 13, 14, 151, it has also been established [16, 17, 18, 19]
that a workable failure criterion exists for the failure of composites containing holes or cracks
and that this criterion only needs a knowledge of the two-dimensional stress state around the
crack or hole. However this is not thought to be true for the growth of disbonds between the
layers of a laminated composite. Indeed references [20, 211, which specifically deal with the
definition and modelling of flaws in composite laminates, when dealing with disbonds pay
particular attention to the interlaminar stresses. As a result the behaviour of disbonds in com-
posite laminates requires, unlike cracks or holes, a detailed knowledge of the interlaminar
stresses. This in turn requires either the fully three-dimensional elements [5, 10], the plate
bending elements [6, 7]; or the "shear" elements [2, 3] to be used. However the simple "shear"
elements should only be used when the stresses in the laminate are primarily membrane stresses.
This is often the case in the wing skins of aerospace vehicles.

Whilst, in the above discussion, a number of elements have been described, these are by
no means all of the available elements. Other approaches worthy of note are given in references
[22, 23, 24, 25, 26]. Of these the work of Reddy [241 is particularly valuable in as much as it
compares the effects that reduced integration, mesh size and changing interpolation functions
within an element have on the stresses for the case of plate bending elements with shear
deformation.

3. ADHESIVE ELEMENT

A similar approach to that of Levy et al. [2, 3] was used in [27, 28, 29] for the development
of an "adhesive" element for the analysis of adhesively bonded repairs to thin metal or composite
sheats and where the overlay (repair) is a composite laminate.

In this approach it is assumed that the in-plane displacements vary quadratically through
the thickness of the sheet and the overlay and linearly through the thickness of the adhesive.
The resultant distribution of the transverse shear stresses through the structure is identical
with that used in [30] for the analysis of sandwich structures with thin faces and is in close
agreement with the stress distribution obtained in [I] from a full three-dimensional stress analysis.
With these assumptions [27, 28, 29] develop the following expressions for the adhesive shear
stresses r z and 'zy, for the case of a repair on one side of the sheet only, viz.,

-zz = (Uo - Us)(ta/Ga + 3to/8G o + 3ts/8G8) (3)

zy - (vo vs)/(ta/Ga -+ 3to/8G o + 3t,/8G.) (4)
Here ta, to and t, are the thicknesses of the adhesive, overlay and sheet respectively while, to
enable a comparison with equations (1) and (2), we have considered the case when G8x = Gzy=Go
in the overlay, Gzz = Gzy = G, in the sheet and have defined Ga as the shear modulus of the
adhesive. In addition we have denoted the (x, y) displacements in the sheet as (us, v,) and the
corresponding displacements in the repair as (uo, vo).

This approach has been shown in [29] to give strains, on the surface of a repair to a circular
cut out and a crack in a metallic sheet, in excellent agreement with measured strains. It has
also been used [31, 32] in the design of repairs to the lower wing skin of Mirage 1II-o aircraft
in service with the Royal Australian Air Force. These repairs have been installed on the Mirage
fleet and to date the stresses predicted in [31, 321 have been validated by the inservice perfor-
mance of the repair and by a series of laboratory tests [32] carried out at the Aeronautical
Research Laboratories, Australia. For a detailed account of other bonded repair schemes devel-
oped at the Aeronautical Research Laboratories the reader is referred to [33].

In the above we have been primarily concerned with a particular method of analysis which
allows for shear deformation in the adhesive, repair and sheet. However other methods have
also been developed 134-40] which do not allow for shear deformation in the repair or the
sheet. As a result, as stated in [34, 381 these methods underestimate the stress intensity factors
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of cracks in the repaired structure and overestimate the adhesive shear stress (which is basically
an interlaminar stress). Nevertheless they are very useful contributions to repair technology.

The works of Hart-Smith [371 and Swift [36] are particularly interesting since, unlike
earlier work, they allow the adhesive to behave plastically. Let us now turn our attention to
the design of bonded repair schemes. Detailed design charts have been presented by Davis [41]
for the repair of cracks using bonded stringers. Design charts have also been given by Jones
el al. [28] for the repair of cracked aluminium sheets with a unidirectional boron-epoxy laminate
for a crack 38 -1 mm long and where the repair completely covers the crack. However the scope
of this work has recently been extended by Rose [42] who showed that for the range of thicknesses
considered in [28] the value of the stress intensity factor, after repair, remains constant for all'
crack lengths greater than a critical length which is approximately 5 mm. This means that the
design charts given in [28] for a 38 A mm crack may now be used for all crack lengths greater
than 5 mm.

Another design study into the bonded repair of cracks is given by Ratwani in [43]. This
study and that of [28] are complementary in as much as whereas in [28] the authors considered
the stress intensity factor, the maximumi adhesive stress and the peak fibre stresses as the key
design quantities reference [43] concentrates on the observed crack growth rate after repair
which is an area omitted in [28]. Another important feature of Ratwani's work is that in [34]
he gives a simple formulae for the neutral axis offset effect which occurs when repairing a structure
on one side only.

So far we have only been considering the use of fibre composite material to repair metallic
structures. However the repair of damage to composite structures is an important consideration
[441 and is now receiving considerable attention. A detailed discussion of the actual repair proce-
dures for composites is given in [45], which is specifically concerned with sandwich structures.
Several theoretical investigations into the repair of composites have also been undertaken [46,
47, 48, 49]. References [46, 47, 49] are primarily concerned with the repair of holes in composites
while [48], using an extension of the bonded element developed in [27], considers the repair
of cracks and holes. Whereas [46] only considered a bonded metallic repair, [47, 48] consider
both composite and metallic repairs and conclude that for holes in composites a metallic repair
has certain advantages over a composite repair scheme. This is not true for the repair of cracks
in composites as shown in [48]. Reference [49] is valuable both for the comparison between
theory and experiment which it gives and also for the list of references which it contains.

Limited research [50, 51, 52, 33] has been undertaken into the repair of surface cracks or
cracks in thick metal sections. The only known such repair, actually in use, is the repair to
cracks in the main landing wheel of the AerMacchi jet trainer in service with the Royal Aus-
tralian Air Force. This repair was developed at the Aeronautical Research Laboratories, Australia
and is fully documented in [33]. The development of a proposed similar repair for use on main
landing wheels of Mirage Ill aircraft, in service with the Royal Australian Air Force, is described
in [50]. In [50] it is shown that the repair of surface cracks in thick sections by means of a bonded
overlay of composite material is really only applicable if the cracking is primarily caused by
inclusions and/or by high residual stresses rather then by the externally applied load. Reference
[5I] is concerned only with the repair of surface scratches to thin sheets and makes use of the
reduction in the stress intensity factor obtained for a through crack using the two-dimensional
analysis methods to predict the growth rates of a repaired surface scratch. These predictions
are in reasonable agreement with experimentally determined crack growth rates. The remaining
work, [52], is concerned with the variation, along the crack front, of the stress intensity factor
for a sandwich structure with a through crack in one face only.

4. A UNIFIED APPROACH

In the previous two Sections we saw how a large amount of work has been undertaken
into the analysis of fibre composites and fibre composite repair schemes. In the begining of
Section 2 we paid particular attention to the simple "shear" elements developed by Levy and
coworkers [2, 3] for the analysis of the interlaminar stresses developed in composite laminates.
We subsequently saw in Section 3 that an adhesive element very similar to the "shear" element
of Levy has been developed [27, 28,'29] to account for the transverse shear stresses developed
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in the adhesive layer for bonded repairs to metallic or composite structures. Yet despite the
similarity of these two approaches it appears, at first glance, that the expressions for the shear
stresses used in [2, 3] and [27, 28, 29] differ due to the difference in the denominators in equ-
ations (1), (2) and (3), (4). However it will now be shown that equations (3), (4) may also be
used to model the shear stress distribution in a composite laminate.

To do this we first interpret ta as the "interlaminar resin layer" which separates two plies,
or bundles of plies of composite material, the thickness of these plies, or bundles of plies, being
t, and to respectively. With these definitions the interlaminar shear stresses in the "interlaminar
resin layer" may, using the approach outlined in [27, 28, 29], now be obtained from equations.
(3) and (4).

Let us now compare this model with that of Levy et al., as given by equations (1) and (2)
for the case of the (±45). laminate subjected to uniaxial extension which was initially considered
in [2]. In this case we will compare the interlaminar shear stresses in the resin separating the
+45' and the -45' plies. If we consider, as in [2], that these plies have the same thickness
(i.e., t, = to) and, in accordance with [1, 2], the same transverse shear moduli (i.e., Go=G,=G)
then the separation of the mid-surface of the plies is equal to ta + to and equations (1) and (2)
reduce to

T = G (uo - U8)I(ta + to) (5)

TZ = G (vo - V,)/(ta + to) (6)

Here in order to enable a simple comparison between the two approaches we have adopted
the notation u' = uo, ut-1 = u, etc.

In general it is difficult to exactly determine t.. However, it has recently been suggested
[52], and confirmed by examination under the microscope that ta, the thickness of the inter-
laminar resin layer, is approximately one tenth the thickness of an individual ply. Thus in our
case t. = 0. 1 to and so equations (5), (6) reduce to

rzz = G (uo -u)1 to (7)

Tzy G (Vo - Vs)/l. I to (8)

Alternatively, if we use equations (3) and (4) to determine the shear stresses I7zZ and 7zy we obtain

=zx = G (uo - us)/to(O. 75 + ta GIG, to) (9)

Tzy = G (vo - vs)/to(0"75 + ta G/Ga to) (10)

We thus see that one approach yields I - to as the denominator while the other yields
to(O.75 + ta GIGa to).The value of Ga given in 153) for a typical epoxy resin is i1-28 GPa while in the problem

under consideration the value of G used in [2, 3] is 4-98 GPa. These values give

0-75 + taG/toGa = 1"13

As a result we see that in practice there is very little difference between the two approaches.
Indeed since the value of ta is to some extent uncertain it would be best to set the ratio ta G/to Go
to be 0-35, where to is the thickness of an individual ply, so that the two models would coincide
exactly.

5. CONCLUSION

In this paper we have outlined the various finite element methods which are available for
the analysis of composite laminates and fibre composite repair schemes. In addition we have
attempted to indicate when a detailed analysis is required and when simple methods will suffice.
We have also presented a summary of the developments in use of bonded repair schemes and
have provided an insight into the manner in which the present numerical methods, used to
design bonded repairs, are linked to the numerical methods used to analyse composite laminates.



REFERENCES

I. R. B. Pipes and N. J. Pagano-nterlaminar stresses in composite laminates under uniform
axial extension, J. Composite Materials, 4, 538-548 (1970).

2. G. Isakson and A. Levy-Finite element analysis of interlaminar shear in fibrous com-
posites, J. Composite Materials, 5, 273-275 (1971).

3. A. Levy, H. Armen Jr and J. Whiteside-Elastic and plastic interlaminar shear deformation
in laminated composites under generalized plane stress, Proceedings 3rd Conference on
Matrix Methods of Structural Analysis, Wright Patterson AFB, 1971.

4. A. H. Puppo and H. A. Evensen-Interlaminar shear in a laminated composite under
generalized plane stress, J. Composite Materials, 40, 204-220 (1970).

5. R. M. Barker, Fu-Tien Lin and J. R. Dana-Three-dimensional finite element analysis
of laminated composites, Computers and Structures, 2, 1013-1029 (1972).

6. C. W. Pryor Jr and R. M. Barker-A finite element analysis including transverse shear

effects for applications to laminated plates, J. AIAA, 9, 5, 912-917 (1971).

7. S. T. Mau, P. Tong and T. H. H. Pian-Finite element solutions for laminated thick plates,
J. Composite Materials, 6, 304-311 (1972).

8. N. J. Pagano-Exact solutions for composite laminates in cylindrical bending, J. Composite
Materials, 3, 398-411 (1969).

9. D. C. Connel-Development of a computer program for the finite element analysis of
laminated plates including transverse shear effects, Westlands Helicopters Limited, Research
Paper No. 480, August 1975.

10. 0. C. Zienkiewicz-The finite element method in Engineering Science, McGraw Hill,
London 1971.

II. N. J. Pagano and R. B. Pipes-Some observations on the interlaminar strength of composite
laminates, Int. J. Mech. Sci., 15, 679-688 (1973).

12. D. 0. Stalnaker and W. W. Stinchcomb-Load history-edge damage studies in two
quasi-isotropic graphite epoxy laminates, ASTM STP674, 620-641 (1979).

13. E. F. Rybicki and D. W. Schmueser-Three-dimensional finite element analysis of laminated
plates containing a circular hole, AFML-TR-76-92, 1976.

14. S. Tang-nterlaminar Stresses around circular cutouts in composite plates under tension,
J. AIAA, 15, 1631-1637 (1977).

15. R. M. Barker, J. R. Dana and C. W. Pryor Jr.-Strees concentrations near holes in lami-
nates, J. Engn and Mechanics, 100, 477-488 (1974).

16. R. J. Nuismer and J. M. Whitney-Uniaxial failure of composite laminates containing
stress concentrations, ASTM-STP593, 117-141 (1975).

17. R. J. Nuismer and J. D. Labor-Application of the average stress failure criterion: Part II-
Compression, J. Composite Materials, 13, 49-60 (1979).

18. G. Caprino, J. C. Halpin and L. Nicolais-Fracture mechanics in composite materials,
Composites, 223-227 (1979).



19. W. P. Witt I1, A. N. Palazotto and H. T. Hahn-Numerical and experimental comparison

of notch tip stresses in a laminated graphite/epoxy plate. Proceedings AIAA/ASME 19th

Structures, Structural dynamics and materials conference, Bethesda, 1978, 262-269 (1978).

20. R. L. Ramkumar, S. V. Kulbarni and R. B. Pipes-Definition and modelling of critical
flaws in graphite fiber reinforced epoxy resin matrix composite materials, Materials Sciences
Corporation, 1978, report number N ADC-76228-30 contract number N6229-77-G0092.

21. D. J. Wilkins-Damage tolerance modeling for composite structures, General Dynamics,
Fort Worth Division, Report C.SE-108, January 1980.

22. A. S. Mawenya and J. D. Davis-Finite element bending analysis of multilayer plates,
Int. J. Numer. Meth. Engng, 8, 215-225 (1974).

23. J. N. Reddy-A penalty plate bending element for the analysis of laminated anisotropic
composite plates, Int. J. Numer. Meth. Engng (to appear).

24. J. N. Reddy-A comparison of closed form and finite element solutions of thick, laminated
anisotropic rectangular plates, Dept of the Navy, Office of Naval Research, Report
OV-AMNE-79-19, December 1979.

25. S. Ahmad, B. M. Irons and 0. C. Zienkiewicz-Analysis of thick and thin shell structures
by curved finite elements, Int. J. Num. Meth. Engng, 2, 419-451 (1970).

26. S. C. Panda and R. Natarajan-Finite element analysis of laminated composite plates,
Int. J. Num. Meth. Engng, 14, 69-79 (1979).

27. R. Jones and R. J. Callinan-Finite element analysis of patched cracks, J. Struc. Mechanics,
7, 2, 107-130 (1979).

28. R. Jones and R. J. Callinan-A design study in crack patching, J. Fibre Science and Techno-
logy 1980 (in press) also see Aeronautical Research Laboratories, Structures Report 376,
July 1979.

29. R. A. Mitchell, R. M. Wodey and D. J. Chivirut-Analysis of composite reinforced cutouts
and cracks, J. AIAA, 13, 744-749 (1975).

30. H. G. Allen-Analysis and design of structural sandwich panels, Pergamon Press, Oxford,
1969.

31. A. A. Baker, R. J. Callinan, M. J. Davis, R. Jones and J. G. Williams-Application of
b.f.r.p. crack patching to Mirage III aircraft, Proceedings 3rd Int. Conf. Composite Materials,
Paris, August 1980.

32. R. Jones and R. J. Callinan-Structural design of b.f.r.p. patches for Mirage wing repair,
Aeronautical Research Laboratories, Structures Note 461, July 1980.

33. A. A. Baker-A summary of work on applications of advanced fibre composites at the
Aeronautical Research Laboratories, Australia, Composites 9, 11-16 (1978).

34. M. M. Ratwani-Analysis of cracked, adhesively bonded structures, J. AIAA, 155-163
(1978).

35. K. Arin-A plate with a crack stiffened by a partially debonded stringer, Engng Frac.
Mech., 7, 173-179 (1975).

36. T. Swift-Fracture analysis of adhesively bonded cracked panels, J. Engng Materials and
Technology, Trans A.S.M.E., 100, 1, 10-15 (1978).

37. L. J. Hart-Smith-Adhesive bond stresses and strains at discontinuities and cracks in
bonded structures, Trans. ASME, J. Engng Materials and 1 echnology, 100, 1, 16-25 (1978).

38. G. Dowrick and D. J. Cartwright-The effect of a circular reinforcing patch on a crack in
a uniaxially stressed sheet, University. of Southampton, Engng Materials Laboratory,
Report No. ME/80/2, January 1980.



39. F. Erdogand and K. Arin-A sandwich plate with a part through and a debonding crack,
Engng. Frac. Mech., 4, 449-458 (1972).

40. G. Bartelds-Residual strength characteristics of composite reinforced stiffened panels,
National Aerospace Laboratory, Amsterdam, NLR-TR-78025, 1978.

41. M. J. Davis-Repair of aircraft structure using bonded high performance composite
materials, M. Eng. Thesis, Victoria Institute of Colleges, Caulfield Institute of Technology,
Australia, November 1979.

42. L. R. F. Rose-A cracked plate repaired by bonded reinforcements, submitted to Int.
J. Fracture Mechanics in 1980.

43. M. M. Ratwani-A parametric study of fatigue crack growth behaviour in adhesively
bonded metallic structures, Trans. ASME, J. Engng Materials and Technology, 100, 1,
46-51 (1978).

44. Plastics for Aerospace Vehicles, Part I, Reinforced Plastics, US Military Handbook 17A.

45. Structural Sandwich Composites, US Mil. Handbook 23, 30th December 1968.

46. G. Lubin, S. Dastir J. Mahon and T. Woodrum-Repair technology for boron-epoxy
Structures, Proceedi.ds of the 27th Annual Technical Conference, 1972. Reinforced Plastics/
Composites Institute, Section 17-B, pp. 1-12.

47. L. H. Kocher and S. L. Cross-Reinforced cutouts in graphite composite structures, ASTM
STP 497, 382-395 (1972).

48. R. Jones, R. J. Callinan and K. C. Aggarwal-Stress analysis of adhesively bonded repairs
to fibre composite structures, Structures Report, Aeronautical Research Laboratories,
Australia (to be published).

49. R. A. Heller and T. Chiba-Alleviation of stress concentration with analog reinforcement,
Proceedings 1973 SESA. Spring meeting, Los Angeles, California, 1973.

50. R. Jones and R. J. Callinan-Analysis and repair of flaws in thick structures, Proceedings
5th Int. Conf. on Fracture, Cannes, France, March 1981 (in press).

51. J. D. Labor and M. M. Ratwani-Composite patches for metal structures, Naval Air
Development Centre, Pennsylvania, Contract No. N62269-79-C-0271, progress report
No. 4, Ist April-31st May 1980.

52. S. N. Alturi and K. Kathiresan-Stress analysis of typical flaws in aerospace structural
components using 3-D hybrid displacement finite element method. Proceedings 19th ASME/
AIAA Structures, Structural dynamics and Materials conference, Bethesda, 1978, pp. 340-
350 (1978).

53. S. S. Wang-An analysis of delamination in angle-ply fibre-reinforced composites, Trans.
ASME, J. Applied Mechanics, 7, 1, 64-71 (1980).



DISTRIBUTION

Copy No.

AUSTRALIA

Department of Defence
Central Office

Chief Defence Scientist I
Deputy Chief Defence Scientist 2
Superintendent, Science and Technology Programs 3
Joint Intelligence Organisation 4
Defence Library 5
Document Exchange Centre, D.I.S.B. 6-22
DGAD (NCO) 23-26

Aeronautical Research Laboratories
Chief Superintendent 27
Library 28
Superintendent - Structures Division 29
Divisional File - Structures 30
Author: R. Jones 31
B. C. Hoskin 32

Materials Research Laboratories
Library 33

Defence Research Centre, Salisbury
Library 34

Engineering Development Establishment
Library 35

Defence Regional Office
Library 36

Navy Office
Naval Scientific Adviser 37

Army Office
Army Scientific Adviser 38
US Army Standardisation Group 39

Air Force Office
Air Force Scientific Adviser 40
Technical Division Library 41
DGAIRENG 42
HQ Support Command (SENGSO) 43

Department of Productivity
Government Aircraft Factories

Manager 44
Library 45

DeprtWinet of Transport
Library 46

Airworthiness Group, Mr K. O'Brien 47



Statutory, State Authorities and Industry
CSIRO, Mechanical Engineering Division, Chief 48
CSIRO, Manufacturing Technology Division, Chief 49
CSIRO, Materials Science Division, Director 50
Qantas, Chief Aircraft Evaluation Engineer 51
Trans Australia Airlines, Library 52
Ansett Airlines of Australia, Library 53
Commonwealth Aircraft Corporation, Library 54
BHP, Melbourne Research Laboratories 55
Hawker de Havilland Pty. Ltd.:

Librarian, Bankstown 56
Manager, Lidcombe 57

Universities and Colleges
Adelaide Barr Smith Library 58

Professor of Mechanical Engineering 59
Flinders Library 60
James Cook Library 61
Melbourne Engineering Library 62
Monash Library 63

Professor 1. J. Polmear 64
Newcastle Library 65
Sydney Engineering Library 66

Professor G. A. Bird 67
Queensland Library 68
Tasmania Engineering Library 69
Western Australia Library 70
RMIT Library 71

CANADA

CAARC Coordinator Structures 72
International Civil Aviation Organization, Library 73
NRC, National Aeronautical Establishment, Library 74
NRC, Division of Mechanical Engineering, Director 75

Universities and Colleges
McGill Library 76
Toronto Institute for Aerospace Studies 77

FRANCE

AGARD, Library 78
ONERA, Library 79
Service de Documentation, Technique de I'Aeronautique 80

GERMANY

ZLDI 81

INDIA

CAARC Co-ordinator Materials 82
CAARC Co-ordinator Structures 83
Defence Ministry, Aero. Development Establishment, Library 84
National Aeronautical Laboratory, Director 85

ISRAEL

Technion-Israel Institute of Technology, Professor J. Singer 86



ITALY

Associazione Italiana di Aeronautica e Astronautica 87

JAPAN

National Aerospace Laboratory, Library 88

Universities
Tohoku (Sendai) Library 89
Tokyo Inst. of Space and Aeroscience 90

NETHERLANDS

National Aerospace Laboratory (NLR), Library 91

NEW ZEALAND

Defence Scientific Establishment, Librarian 92

Universities
Canterbury Library 93

SWEDEN

Aeronautical Research Institute 94
Research Institute of the Swedish National Defence 95

UNITED KINGDOM
Mr A. R. G. Brown, AO/XR Mat. (RAE) 96
Aeronautical Research Council, Secretary 97
C.A.A.R.C., Secretary 98
Royal Aircraft Establishment:

Farnborough, Library 99
Bedford, Library 100

Commonwealth Air Transport Council Secretariat 101
National Engineering Laboratories, Superintendent 102
National Physical Laboratories, Library 103
British Library, Science Reference Library 104
British Library, Lending Division 105
C.A.A.R.C. Co-ordinator, Structures 106
Aircraft Research Association, Library 107
Rolls-Royce (1971) Ltd.:

Aeronautics Division, Chief Librarian 108
Bristol Siddeley Division T.R. and I. Library Services 109

Science Museum Library 110
British Aerospace Corporation:

Manchester, Library Ill
Kingston-upon-Thames, Library 112

British Hovercraft Corporation Ltd., Library 113
Short Brothers Harland 114
Westland Helicopters Ltd. 115

Universities and Colleges
Bristol Library, Engineering Department 116
Cambridge Library, Engineering Department 117
Belfast Dr A. Q. Chapleo, Dept. of Aero. Engineering 118
Nottingham Library 119
Southampton Library 120
Strathclyde Library 121



Cranfield Inst. of
Technology Library 122

Imperial College The Head 123
Professor of Mechanical Engineering 124
Professor B. G. Neal, Struct. Eng. 125

UNITED STATES OF AMERICA

N.A.S.A. Scientific and Technical Information Facility 126
American Institute of Aeronautics and Astronautics 127
Applied Mechanics Review 128
The John Crerar Library 129
The Chemical Abstracts Service 130
Boeing Co., Head Office, Mr R. Watson 131
Boeing Co., Industrial Production Division 132
Lockheed Missiles and Space Company 133
McDonnell Douglas Corporation, Director 134
Calspan Corporation 135
Battelle Memorial Institute, Library 136

Universities and Colleges
Florida Aero. Engineering Department 137
Princeton Professor G. L. Mellor, Mechanics 138
Stanford Department of Aeronautics Library 139
Polytechnic Inst.

of New York Aeronautical Labs., Library 140
California Inst.

of Technology Graduate Aeronautical Labs., Library 141
Massachusetts Inst.

of Technology Library 142

Spares 143-152


